13 A channelized debris flow is usually represented by a mixture of solid particles of various sizes 14 and water flowing along a laterally confined inclined channel-shaped region to an unconfined area 15 where it slows down and spreads out into a flat-shaped mass. 16 The assessment of the mechanical behavior of protection structures upon impact with a flow, as 21 midpoint 22 V Components in the y direction of the reaction forces 23 acting at the cable edges 24 0 v Arrival velocity of the debris flow 25 z Generic vertical co-ordinate of the horizontal cable 26 i z Generic vertical co-ordinate of the i-th horizontal cable 27  Empirical coefficient for dynamic pressure estimation 28 d  Mass density of the debris flow 29  Inclination angle of the slope 30 Fr Flow rate of the debris [m 3 /s] 31
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paper. The proposed model involves the input parameters being acquired through 33 a preliminary characterization of the design event. However, if the proposed tool 34 7 is adopted, the designer will be able to perform sensitivity analysis that will help 1 to quantify the influence of parameter variability. 2 3 As already mentioned in the introduction, a detailed description of the complex 4 mechanics of a debris flow is not the scope of this paper. This aspect has been 5 studied by several authors considering the different phases that can be identified 6 the debris flow development: the triggering phase [23], the run out phase (e.g. 7
Debris flow mechanics
Hungr and Evans [24]; Pirulli [25] , Takahashi [10] ) and the deposition phase 8 (Major [21] , Vallance [26] ). However, for the scope of this work, the most 9 relevant aspect is the run out phase and, in particular, the determination of its 10 velocity, volume and discharge rate, since debris flow impact power is connected 11 to its kinetic energy, and to the energy dissipation effects during motion (Cesca 12 [27]). 13
The velocity of a debris flow during its run out depends on several factors, such 14 as: dip of the slope, the water mixture content, the grain distribution etc.. All these 15 factors determine the relationship between the induced internal stresses and the 16 deformation in relation to the applied external stresses, which is usually known as 17 fluid rheology. Since the debris flow is a multi-phase mixture of different 18 materials, its rheology somewhere falls in between the mechanical elastic 19 behavior of the solid phase and the viscous behaviour of the liquid phase. All 20 these aspects determine the kind of motion regime of the debris, which is mainly 21 ruled by both inertia and viscosity forces. The well-known Bagnold number, 22 determined in one of the pioneer works on debris flow rheology carried out by 23 Bagnold [28] , is the ratio between these two components (inertia and stresses due 24 to viscosity) and can be used to identify different motion regimes. Bagnold used 25 the term "macroviscous" to indicate a linear regime that is characterized by small 26 Bagnold numbers, in which the shear stresses behave as in a Newtonian fluid with 27 a corrected viscosity, and the term "grain-inertia" to indicate a regime that is 28 characterized by large Bagnold numbers, in which the stresses are independent of 29 the fluid viscosity but dependent on the square of the shear rate and on the square 30 of the granular-phase concentration. 31
A rheological regime, usually termed "collisional", which is based on the 32 interaction between particles, during which momentum is exchanged and energy 33 is dissipated because of inelasticity and friction, has recently been defined 1 (Goldhirsch [29] , Jenkins and Hanes [30]; Hanes [31] ). 2 Armanini et al. [32] have shown how as both regimes can be simultaneously 3 present in a debris flow: the behaviour can be reproduced by the kinetic theory in 4 the proximity of the free surface, where the particle concentration is relatively 5 small, while a layer dominated by frictional contacts can be observed near the 6 static bed. 7
The study of debris flow strains and displacements is conveniently analysed 8 considering three fundamental physical principles: mass, energy and momentum 9 conservation, which lead to the driving equations. The above equations can be 10 solved using several different methods: those based on continuum mechanics (i.e. 11 the heterogeneous real mass is treated as a continuum) have been widely and 12 successfully applied (e.g. Chen The design of barriers against debris flows is based on the impact forces that are 20 determined by the sum of the dynamic pressure (which can reach values up to the 21 order of 10 KN/m 2 ) and of the particle collision (which is characterized by values 22 of 100 KN/m 2 or more) (Suwa and Okuda [37] ). 23
The dynamic impact can theoretically be estimated assuming an incompressible 24 fluid hypothesis against a rigid barrier, and can be the assessed on the basis of 25 momentum conservation for a steady fluid motion (Hungr [38] ; Van Dine [39]) 26 while a theoretical solution for cable-like retention barriers is still not available. 27
Forces induced by debris-barrier impact 28
The pressure produced by the impact of a debris flow on the barrier can be 29 estimated considering both the dynamic impact pressure and the static pressure of 30 the deposited debris (Kwan & Cheung [40] ). The former can be determined 31 considering the well-known Bernoulli theorem; the kinetic energy of the flowing 32
, is in fact into a pressure load when the velocity vanishes due 33 9 to the impact. The dynamic pressure on the barrier can thus be estimated as ( Fig.  1 1a):
where  is an empirical coefficient that varies between 1.5 and 5, according to 3
Canelli et al. [41] and which can be assumed to be equal to 2.0 when the barrier is 4 flexible and drained, the flow regime is granular and there is a lack of site 5 specific information, where 0 , v d  are the density and the impact velocity of the 6 debris, respectively. Studies have been carried out to back analyze some natural 7 debris flow phenomena that have impacted monitored barriers [42] using a multi-8 stage surge model. However, some of the parameters involved in the analysis 9 were estimated (i.e. the lateral earth pressure coefficient, the density of the debris, 10 etc.) while others were measured directly (i.e. front velocity, surge height, etc.). 11
An extensive analysis on design approaches for debris resisting barriers has been 12 presented by Kwan & Cheung [40] . 13
Generally, the debris could hit the barrier in the form of surges which fill the 14 barrier either continuously or intermittently; the most critical impact scenario on 15 barrier stability should always be chosen [40] . 16
The thickness (h 0 ) and velocity (v 0 ) of moving debris surges can be estimated 17 from debris mobility models using appropriate rheological parameters such as 18 those recommended by Lo [43] . On the other hand, when the debris starts to 19 accumulate behind the barrier, a static pressure can be assumed to occur ( Fig. 1 ). 20
The height of the accumulated material at the generic time t can be estimated, as 21 shown in Eq. (2), by equating the volume of the material that arrives after such a 22 time interval from the slope and the volume of the accumulated material behind 23 the barrier ( Fig. 1) , (time t=0 is assumed when the first particle of the debris-flow 24 impacts the barrier) as: 25
In the above relation produced at a given depth: 2
where g k, are the earth pressure coefficient and the acceleration of gravity, 3 respectively, while z is the vertical position of the point under consideration ( Fig.  4 1b). 5
By considering the barrier made up of n horizontal supporting cables -in the 6 following assumed to be placed at a constant relative distance of 7
for the sake of simplicity the pressure load ) ( (assumed to be 8 constant along each horizontal cable) acting on the i-th cable located at the 9 vertical co-ordinate
can simply be calculated as in Eq. 10 (4) (the cables are numbered starting from 1 at the bottom of the barrier), 11
while Eq. (5) should be used when the i-th cable is located at vertical coordinate 12
In others words, Eqs (4) and (5) enable one to evaluate the pressure exerted 14 directly on a given cable located at coordinate i z , once its position with respect to 15 the flowing material and to the accumulated material is known. Eq. (4) is valid for 16 cables located at a greater height than the thickness of the flowing debris at 17 different time intervals: the cable is not yet in contact with the debris material for 18
and it is therefore unloaded; for the 19
interval the i-th cable falls inside the portion of the 20 barrier that impacts with the flowing debris while the cable for 2 t t  is in contact 21 with the material at rest behind the barriers. Similarly, Eq. (5) allows one to 22 estimate the pressure on a cable located at a coordinate i z which is lower than the 1 thickness of the flowing material. 2
Since the cables are placed at a constant vertical distance of p , the distributed 3 load (assumed, for the sake of simplicity to act in a horizontal plane) acting on a 4 single cable of unit horizontal length is given by Eq. (6) 5
The above and following relations are obviously not restricted by the hypothesis 6 of a constant p. More general relationships can be obtained for variable relative 7 cable distances. However, for the sake of analytical simplicity, such a hypothesis 8 has been introduced to illustrate the analytical model. 9
While calculating the pressure acting on the barrier, the model does not take into 10 account the deformation induced by the pressure exerted by the flowing granular 11 material; since the case of a rigid barrier is the most critical in the design of such 12 retention structures, the mitigation of the pressure, due to the barrier deformation, 13 can reasonably be neglected from the safety point of view. This hypothesis holds 14 true since the maximum transversal displacement of the barrier, as inferred from 15 both experimental and numerical results, is usually much lower (10 -15%) than 16 the barrier extension (see Par. 4.2). 17
Fig. 1. Debris accumulation behind the barrier and corresponding loads at a 19
generic time instant. 20
21
The assumption of a constant load along the cable is an acceptable simplification 22 from the engineering safety point of view; this hypothesis allows one to treat the 23 problem as a two dimensional one, characterised by governing equations that can 24 easily be handled for a simplified design of the retention barrier, as will be shown 1 hereafter. 2 3 The single element features and the geometrical lay-out can vary according to the 14 make and model of the barrier and to particular installation conditions (channel 15 size, depth, etc.). The load cells referred to here are those that were used during 16 on site tests carried out at the Pieve di Alpago (BL, Italy) test site (see Section 4 ) . 17
Mechanics of cable-like retention barriers

18
To each horizontal cable can be connected a dissipating element that would limit 19 the amount of force transferred to its foundations during the debris flow impact 20 ( Fig. 3 ). 21
The structural net is typically formed by interconnected steel rings of 22 homogeneous diameter (typically 30-50 cm); sometimes another net with smaller 23 diameter openings is overlaid to the first one to retain smaller debris particles. 14 the role to retain the flowing solid particles and to transmit the developed forces to 1 the above described cables. 2
The governing equation of the equilibrium of a loaded cable can be usefully 3 employed to describe the mechanical behaviour of such a structural system. 4
Let us consider the barrier constituted by several horizontal cables mounted at a 5 reciprocal constant distance equal to p . The i-th cable -having its extremities 6 fixed at the points A and B -is characterized by a horizontal length equal to i l , 7 while its total effective length (when elongated under loading) is assumed to be 8 equal to i L (Fig. 5 ). The distributed load acting on such a cable is assumed to lie 9 in an horizontal plane and to be constant with respect to the x co-ordinate at a 10 fixed time t. The load is, however, variable with time, since the depth ) (t d of the 11 cable with respect to the top surface of the flowing material increases with t ( Fig.  12 1b). 13 14
Formulation of the equilibrium equation of a cable-like structure 15
The present model, for sake of simplicity, considers the main resisting cables to 16 be loaded only in the horizontal direction by the forces produced by the debris 17 impact on the barrier, while the resultant of the vertical forces transmitted by the 18 connecting net to the single cable is considered as negligible. As a consequence, 19 only the deformation of the cables in the horizontal plane will be assumed to be 20 significant in the resistant mechanism of the structure. 21
Each cable of the barrier is assumed to have fixed extremities, i.e. the end points 22 of the cables are prevented to displace by some foundation system which 23 mechanical behavior is beyond the scope of the present research. 7)) of the i-th cable in differential 4 form at the time instant t [44], 5
after a double integration and by assuming a constant distributed load at a given 6
(the dependence on time t for sake of brevity is not explicitly 7 indicated in the following relations) and the two extremities of the cable to be 8 located at the coordinates ) 
which is obtained by integrating the trivial geometric relation 17
) that quantifies the 18 length of a generic curve which shape is described through the displacement 19
By denoting with f the quantity Taylor series the expression of the integrand function in Eq. (9) (the dependence 1 on the depth d is omitted in the notation for simplicity), one can obtain: 2 ..... e 2 1 3
The sought term i H , which can be demonstrated from equilibrium considerations 3 to be independent of x, can be finally obtained by using Eqs (8-10): 4 2 2 2 2 6
where the particular case characterised by 0 e  , has been considered. 5
The tensile force ) (x T i acting along the cable can be also explicitly obtained 6 through the following relation (Levy [45] 
by projecting the force At the two extremities of the cable, the components of the reaction forces in the y 11 direction are given by the trivial value: 12
The elastic deformation of the cables under loading must be also considered in 13 order to explicitly write the total effective length can be written as: 21
The limited deformation of each cable is considered in order to maintain the 1 appropriate functionality of the structure. According to Kwan & Cheung [40] the 2 deformable barrier should sustain structural integrity for a deformation in the 3 direction of the debris impact not lower than 10% of its total length and, in order 4 to retain a considerable amount of material behind its deformed shape, it is 5
suggested that the final deformation should not be greater than 15% of its total 6 length. 7
The last relation used together with Eq. (11) allows to calculateby solving the 8 obtained non-linear problemthe effective cable length and the corresponding 9 force i H at the equilibrium state. The above assumption can be justified by 10 considering that even for a cable having a noticeable transversal deformation 11 such as 10)) and the axial 12 force value along the cable lies in the range
(obtained by 13 using Eqs (11) and (13)), while for
. It must be also recalled that, in debris flow net barriers, the 15 presence of brakes is quite common; such a devices operate by dissipating energy 16 and by increasing the cable length once the maximum allowable force of the brake 17 is reached. Such an increased length produces a beneficial effect by inducing a 18 decrease of the tension forces in the cables, while neglecting the brakes usually 19 leads to a conservative design of the barriers. Such a topic will be discussed in 20 Sect. 3.3 where the brakes modelling is presented. 21
The maximum displacement of the i-th cable occurring at its midpoint in the 22 particular case 0 e  , is equal to (8)). The 23 relation between the distributed load i q and such a maximum displacement can 24 thus be written from the solution of the equations below: 25
where the relation for the approximate cable effective length evaluation (Eq. 14), 1 has been used together with Eq. (11); finally the sought relation ) ( i i u q (see Eq. 2 (15 1 )) can be explicitly obtained: 3 3 4 3 64 ) (
Effect of the net connections between cables 5
Since the horizontal cables are connected by the barrier net, it can be assumed that 6 they are joined together by 'equivalent' vertical cables having the effect to 7 distribute a portion of the load directly applied to each horizontal cable to the 8 adjacent ones (Fig. 6a ). The differential equilibrium equation Eq. (7) for the i-th 9 horizontal cable can thus be modified as: 10
x q x q ci ic represent the portion of the "direct" load ) (x q i acting on 11 cable i transferred to the adjacent cables and the "indirect" loads transmitted to the 12 cable i from the other loaded cables, respectively, i.e.: 13 (Fig. 6c, d) can be written in order to correlate the above 9 quantities as, 10
the value of the distributed "indirect" load acting along the generic cable j 11 transmitted from the cable i can be expressed as: 12 . In other words, the above 2 relations express the maximum deflection of the cable i by using the maximum 3 deflection of the cable j multiplied by the influence function ) , ( i j z z r . 4
Therefore, since there exists a direct relation between the distributed load acting 5 on a cable and its maximum displacement (Eq. (16)), the load acting on a generic 6 cable can be obtained once its maximum deflection is known. 7
It can be observed that the function ) , ( It must be underlined as, in the above equations, any inertial effect is neglected 3 since the mass of the retention barrier is very small and the horizontal acceleration 4 of the cable and of the flowing material in contact with it can be supposed to be 5 low during the whole loading process. 6
The above introduced function ) , ( is attained at i j z z  (Fig. 7) . 10
The assumed ) , ( can be achieved by considering the 9 mechanical behaviour of the transversal midsection of the barrier (Fig. 8 ). The 10 24 equilibrium condition in the horizontal direction for the i-th cable can be written 1 as: 2
where i  is the strain in the vertical cable connected to the horizontal cable i.
3
On the other hand the relation between the applied load and the maximum 4 transversal deflection of the cable is given by
Eq.(16)). The above equilibrium equations (23) can thus be rewritten as: 6
Eq. (24) simply states the equilibrium of the load acting on the cable under study 7 and those deriving from the other connected cables, expressed by means of their 8 maximum horizontal displacements. 9
Once the maximum transversal deflection k u of the k-th cable is known, the 10 maximum transversal deflections of the other cables can be obtained by the 11 solution of the system of nonlinear equations ( see Eq. (24)). 12
The solution of such a system is very awkward and does not allow an easy 13 analytical treatment to get sought values. For such a reason the determination of 14 the solution can be obtained through a numerical method; in the present paper an 15 iterative evolutionary algorithm belonging to the Genetic Algorithm (GA) 16 approaches is applied (Goldberg [46] ; Gen and Cheng [47] ). 17
In many physical problems, the solution of their mathematical formulation is often 18 quite difficult to be determined by applying classical approaches. An increasing 19
interest in a class of algorithms known as Genetic Algorithms (GAs), which 20 operate by simulating the natural evolutionary processes of life -the Darwinian 21 survival of the fittest principle is applied by iteratively improving the current 22 solution [46] , [47] , has been observed during last decades. Such algorithms 1 represent random stochastic methods of global optimisation, and are used to 2 minimise or maximise a chosen objective function suitable for a given problem. In other words, the system of cables is assumed to be governed by n independent 1 variables, i u , that is to say that every cable is completely described by one single 2 parameter (degree of freedom) corresponding to its central and maximum 3 horizontal displacement i u . 4
As a representative example, at the generic time instant t at which we assume to 5 
; iii) determine again the force in the cable 26 with such a new length by using Eqs (11, 12) ; iv) check whether the new force is 27 lower than max , b f otherwise go to step ii) and increase again the cable length. Finally, the energy dissipated by the brake during its service can be easily 4 obtained as: In the present section a representative example of retention barrier is considered 10 and solved through the developed model, in order to simulate its mechanical 11 behavior by varying some parameters of the barrier itself and of the debris flow. 12
In particular, the effect of the stiffness of the net connecting to the horizontal 13 cables and, for a given barrier configuration, the influence of the debris flow 14 velocity 0 v are considered. 15
The parameters of the flowing debris and those of the barrier are the following: 16 . The geometry of the barrier is reported in Fig. 11a  23 (the cable No 1 located at 0  z is assumed to be fixed, i.e. it does not undergo 24 any significant displacement), while in Fig. 11b the scheme of the so-called drag 25 force d foccurring when the allowable volume for the debris accumulation is 26 completely filled by the flowing materialis represented when the flow continues 27 to take place above the barrier. In Fig. 12 the effect of the different values of the cross section of the vertical 6 cables in presented. In particular in Fig. 11a the maximum tensile force in the 7 cable during the whole impact period of the debris against the barrier is presented; 8 as can be noted the maximum tensile force reduces by increasing the stiffness of 9 the net and such a maximum force becomes almost identical for all the cables. On 10 the other hand, for a weak net the cables are subjected to very different maximum 11 force values which are also higher than those calculated with strongest nets. The 12 case of a barrier without brakes (with 2 50mm A t  ) is also reported; the forces in 13 the cables are obviously much higher than those obtainedfor the same barrier with 14 the brakes. 15
In Fig. 12b the energy dissipated by all the brakes during the impact is 16
represented. As it can be noticed, the total final amount of dissipated energy 17 decreases when the net stiffness increases since the forces occurring in the cables 18 are lower when the net is stiffer and therefore the brakes do not reach their final 19 allowable stroke. In Fig. 12c, d the total elastic energy stored in the barrier and 20 the sum of the total elastic and dissipated energy are represented vs time, 21
respectively. The trend shown by the curves for different net stiffness is in 22 accordance with the forces developing in the cables during the phenomenon. It 23 can be also observed that, after reaching the complete filling of the barrier (see 24 Fig. 11b) , the phenomenon reaches a steady state and the above quantities remain 25 constant with time. 26 32 In Fig. 13 the deformed pattern of the barrier at the time t=1s is represented for 1 the four different transversal nets; it is apparent, once again, the load distribution 2 effect of the transversal net on the horizontal cables of the barrier. 
Finally the effect of the debris flow surges velocity is herein considered. In Fig.  5 14 the maximum tensile force attained in the different cables of the barrier is 6
represented for the three assumed debris flow surges velocity 7
). It appears as the force in the bottom cable (No. 8
2) is not influenced by 0 v since the static load produced by the accumulated 9 material prevails over the dynamic force; on the other hand, the velocity influence 10 becomes relevant for the cables placed at higher levels. In Fig. 14b the total 11 amount of dissipated energy is represented; it appears that such total energy at the 12 end of the phenomenon is the same for the different velocities since all the brakes 13 reach their maximum allowable sliding length. In the case of higher velocities of 14 the flow surges, the maximum brakes displacement is reached in a shorter time 15 with respect to lower velocities. 
Simulation of a full scale test of a retention barrier 6
In order to assess the reliability of the proposed analytical model, the simulation 7 of a full scale test on a barrier is considered hereafter. 8
The test was carried out inside a limestone quarry located in the Pieve d'Alpago 9 district (Belluno province, Northeastern Italian Alps); the artificial channel was 10 built by re-shaping an existing natural impluvium and the barrier was located at its 11 bottom (Fig. 4) . The obtained artificial channel was 2 m large and 48 m long, with 12 an average slope of 40°. The material used to simulate the flow was constituted by 13 well-graded limestone blocks with diameter ranging from few cm to 1.5 m. Due to 14 the particular geometry of the channel, to the nature of the material and to the 15 machinery used to mobilize it, it was not possible to keep the material saturated; 16 however, the effects on the barrier in terms of deformation and forces were in 17 During the test, both deformation and horizontal cable forces were measured 20 using photogrammetric techniques and load cells, respectively. The The values of the coefficients necessary for the evaluation of the forces induced 32 by the debris flow against the barrier (Eqs 1, 3) , have been performed by 33 following the considerations below. 34 1 computes the α value. They shows that 2 is the maximum value. For this reason 2 the Authors considered this value in the initial phase of development of the work. 3
For the coefficient of earth pressure k, the value k = 0.5 was chosen because Kwan 4 and Cheung [40] suggested a maximum value of 1 in undrained condition but we 5 could observe a condition of partial saturation during the flow and of good 6 drainage during the impact of the debris against the barrier. Therefore, the friction 7 angle of the debris accumulation behind the barrier was originally assumed 8 between 20° and 30°, converging to the value of 20° through a back analysis 9 procedure developed in order to better fit the experimental results. In Fig.15 (a) the forces measured in each cable (identified through its co-ordinate 16 position z) during the test are plotted against time, together with those determined 17 using the proposed analytical model. In Fig. 15 (b) are reported both the shape of 18 the deformed barrier measured at the central vertical section at the end of the test 19 and that calculated using the proposed model. Although some differences 20 between experimental and numerical results were obtained, especially for what it 21 concerns the barrier deformation, the induced state of traction in the cables are in 22 good agreement. This is possibly due to the initial state of stress in the cables, 23 which is originally applied during the structure assembly; this pretension is not 24 influencing the final state of stress induced by the debris flow impact while it 25 37 does, instead, influence its deformation particularly at the beginning and at the 1 end of the loading process. Furthermore, the lower portion of the barrier (lower 2 horizontal cable) is free to deform along its length in the proposed model (its 3 displacement is fictitiously limited by adopting a cable cross section area greater 4 than its effective value, as already discussed) while, in the real case, is fixed at the 5 channel surface by means of eyebolts. These boundary conditions can be 6 reconsidered and improved in future development of the work. 7
Regarding the duration of the test reported in abscissa in Fig. 15 (a) , it should be 8 considered that, while in the analytical model it is calculated using the geometry 9 of the channel and the velocity of the debris surge, for what it concerns the real 10 test it is determined considering the debris flow as if it was flowing at a constant 11 rate, neglecting the interruptions that occurred between surges due to the above 12 Fig. 15b ) corresponding to the simulation of 16 the on site tests described above. 17 18 In Fig. 16 a full 3-dimensional reconstruction of the net deformed pattern during 19 the loading process is also given; as can be observed it shows how the method can 20 realistically reproduce the barrier deformation with the time, providing the net 21 shape as the flow phenomena proceeds and the debris accumulates behind the 22 retention barrier. This results can be usefully applied in the future for setting up a 23 real time net monitoring system able to define threshold values to be controlled in 24 situ by means of specific measuring devices. 25 
The above consideration indicates that around 37% of the design impact energy 22 of the debris flow is dissipated internally during the impact phase and only the 23 remaining portion is transferred to the barrier. 24 39 5. Conclusions 1 The energy associated with debris flows along with their velocity, active volumes 2 and run out distances have often made these phenomena very destructive and 3 dangerous. The design of retention devices, which are often a must in populated 4 area or wherever it is necessary to limit the destructive effects of debris flows, is 5 often carried out using previous experiences and subjective knowledge of the 6 phenomena mechanics. Analytical approaches are seldom used and generally 7 based on numerical modelling (FEM). However, the numerical modelling of 8 these structures, which should be carried out considering the debris flow impact 9 dynamics, can turn out to be very complicated and not always reliable in 10 applicative cases. For these reasons, the need of a sound design instrument, easily 11 applicable in standard, is becoming of paramount importance and is not yet 12 available to practitioners. 13
In the present paper a simplified analysis of the mechanics of debris-flow is 14 
